Activation of checkpoint arrest and homologous DNA repair are necessary for maintenance of genomic integrity during DNA replication. Germ-line mutations of the ataxia telangiectasia mutated (ATM) gene result in the well-characterized ataxia telangiectasia syndrome, which manifests with an increased cancer predisposition, including a 20% to 30% lifetime risk of lymphoid, gastric, breast, central nervous system, skin, and other cancers. Somatic ATM mutations or deletions are commonly found in lymphoid malignancies, as well as a variety of solid tumors. Such mutations may result in chemotherapy resistance and adverse prognosis, but may also be exploited by existing or emerging targeted therapies that produce synthetic lethal states.
Introduction
Defective DNA repair is a hallmark of cancer and results in genomic instability and accumulation of other genetic abnormalities (1, 2) . Hereditary mutations of genes involved in DNA repair, such as ataxia telangiectasia mutated (ATM), breast cancer (BRCA) 1 or 2, and TP53, result in markedly increased susceptibility to a variety of cancers. Likewise, somatic mutations in these genes are among the most commonly found aberrations in cancer and are associated with inferior outcomes and chemotherapy resistance. Cancers with mutations in genes encoding proteins involved in DNA repair may be more sensitive to treatments that induce synthetic lethality by inducing DNA damage or inhibiting complementary DNA repair mechanisms. For example, BRCA1-mutated tumors may be sensitive to platinum therapy; indeed, 80% response rates, including 45% complete responses in BRCA1-mutated breast cancer, have been reported with cisplatin (3) . Interrupting DNA damage repair with mitomycin C also may also be effective; a patient with PALB2-(a partner and localizer of BRCA2) mutated pancreatic cancer achieved a 36þ-month response on mitomycin C therapy (4). Patients with breast or ovarian cancer with mutations of BRCA1 have been treated with inhibitors of PARP with early clinical success (5) . These and similar strategies may also be of particular utility in treating patients with cancer that have ATM mutations, which are commonly identified in next-generation sequencing (6) . Herein, we review the normal structure and function of the ATM gene; the spectrum, frequency, and significance of somatic mutations; and preclinical and early clinical data with agents that may best target ATM aberrant cancers.
Function and Structure of ATM
The ATM gene was first cloned in 1995 through studies of ataxia telangiectasia (A-T) syndrome (7) . Located on chromosome 11q 22-23, it includes 66 exons with a 9168 base pair coding sequence, and encodes a PI3K-related serine/threonine protein kinase (PIKK) that helps maintain genomic integrity. ATM plays a central role in the repair of DNA double-strand breaks (DSB), which can be induced by ionizing radiation, chemotherapy drugs, or oxidative stress, or occur during normal physiologic events like meiotic recombination or rearrangement of antibody genes during B-cell maturation (8, 9) .
Repair of DSBs involves an extensive network of signals, including sensor/mediator proteins, downstream transducer protein kinases, and effector proteins ( Fig. 1 ; refs. 10, 11) . The MRE11-RAD50-NBS1 (MRN) complex is considered the primary sensor of DSBs. It forms a physical bridge spanning the DSB ends, takes part in DSB end resection, and recruits and retains ATM at DSB sites. ATM can be considered the main transducer in the DSB repair process. It recruits and cooperates with other sensor proteins, including 53BP1 (p53-binding protein) and BRCA1 (breast cancer type 1). Along with this spatial localization at the site of DSBs, ATM becomes catalytically activated. The precise mechanism of this activation is not fully established, but has been shown to involve dissociation of ATM homodimers into active monomers, autophosphorylation of ATM at Ser1981 and other sites, and acetylation (12) (13) (14) .
Once activated, ATM phosphorylates many downstream effectors, which in turn phosphorylate their own targets. The PIKK domain of ATM recognizes serine-glutamine (SQ) and threonineglutamine (TQ) motifs of many proteins, including ones involved in cell-cycle checkpoint arrest (e.g., Chk1 and Chk2), DNA repair (BRCA1 and RAD51), and apoptosis (p53; ref. 15) . It also has been determined that there are in fact over 700 targets phosphorylated following DSBs, and that ATM modulates networks not immediately involved in DNA repair like the insulin-like growth factor or other metabolic and stress-response pathways (16) . The plethora of ATM targets is likely a means of coordinating multiple pathways at times of DNA repair or genomic stress. There are also redundancies and collaboration between ATM and other Center for Personalized Cancer Therapy, and Division of Hematology and Oncology, UCSD Moores Cancer Center, La Jolla, California.
members of the PIKK family, including catalytic subunit of the DNA-dependent protein kinase (DNA-PKc) and ATM-related (ATR), which are activated in responses to other sources of genotoxic stress. These redundancies may represent therapeutic targets for treating cancers that have lost ATM function.
A-T syndrome
Germ-line mutations of ATM cause the autosomal recessive A-T syndrome. These mutations occur in each functional domain of the gene, without a predominantly recurring site of mutation ( Fig. 2; refs. 17, 18 ). Germ-line mutations manifest with a variety of phenotypic characteristics, including neurodegeneration, cerebellar ataxia, immunodeficiency, hypogammaglobulinemia, gonadal dysgenesis, and radiosensitivity (19) . A-T syndrome also increases cancer susceptibility, most likely due to impaired DNA damage repair and genomic instability. In a retrospective analysis of 279 patients with A-T syndrome enrolled in the French National Reference Center for Primary Immune Deficiencies, there were 69 patients with cancers (24.5%; ref. 20) . The majority had hematologic cancers; 8 patients had acute leukemia, 12 had Hodgkin lymphoma, 38 had non-Hodgkin lymphoma, and 3 patients had T-cell prolymphocytic leukemia. There were eight carcinomas, which developed at higher median ages than the hematologic cancers. The overall cumulative incidence of cancer by age 40 was 38.2% in this cohort. The authors noted that immunodeficiency was also associated with cancer risk, and that Epstein-Barr virus (EBV) reactivation was highly prevalent in the lymphoma cases. An earlier retrospective analysis by Reiman and colleagues had similar observations, with cancer occurring in about 25% of the 296 individuals with A-T syndrome in their cohort, primarily lymphoma or leukemia, though breast, gastric, and other solid tumors also occurred at high rates (21) . The approximate incidence of various cancers in A-T syndrome is in Table 1 .
Germ-line ATM heterozygosity and cancer susceptibility
Germ-line ATM heterozygosity occurs in about 1% of the population and appears to increase cancer susceptibility Figure 1 . ATM function in repair of double-stranded DNA breaks. Following DNA DSBs, the MRN complex senses and initiates DNA repair and recruits ATM. As ATM is brought to the site of DNA damage, it dissociates from homodimers into active monomers and is catalytically activated by autophosphorylation at Ser1981 and other sites, as well as acetylation at Lys3016. ATM also interacts with and phosphorylates other sensor proteins, MDC1 (mediator of DNA damage checkpoint protein 1), and histone H2A.X (gH2A.X). There are also positive feedback loops at these steps, as ATM phosphorylates these sensor proteins, resulting in a rapid accumulation of these and other proteins at the DSB sites. Once activated, ATM serves as a transducer and phosphorylates and activates other protein kinases. Examples include phosphorylation of checkpoint kinase 2 (CHK2) at Thr68, which in turn modulates its own substrates, resulting in cell-cycle arrest. ATM also activates p53, by direct ATM-mediated phosphorylation at Ser15, Ser46, and others, through CHK2 (which also phosphorylates p53, though at Ser20), and indirectly by phosphorylating (Ser394) and thus disrupting mouse double minute 2 homolog (MDM2) and other E3 ubiquitin ligase-negative regulators of p53. ATM also has effects on chromatin relaxation, which aids in repair, through phosphorylation of KRAB-associated protein 1 (KAP1) and others. Finally, ATM can result in prosurvival signaling that is balance with the apoptotic signals, including phosphorylation of AKT, and activation of NF-kB (not shown). It should be noted that ATM phosphorylates and activates a plethora of other protein kinases-over several hundred-in addition to the main elements of DSB repair shown here. (22) . Studies of family members known to be heterozygous for ATM gene mutations showed an approximate 2-to 3-fold risk of cancer, and a 5-to 9-fold risk of breast cancer in women (22, 23) . In particular, the relative risk of breast cancer in those younger than age 50 was increased (24) . Likewise, Broeks and colleagues evaluated 82 patients who developed breast cancer at a young age (less than 45 years old), many of whom had bilateral breast cancer. In this cohort, 8.5% had ATM germ-line mutations (25) . However, this association has been subject to some controversy. A study of young patients with breast cancer (and no known family history of A-T syndrome) detected heterozygous truncating ATM mutations in only 0.5% of cases, less than the rate predicted by the preceding studies, and even less than the general population, suggesting that such heterozygous ATM mutations did not predispose those individuals to breast cancer (26) . The slightly different patient characteristics may account for the discrepant results between these studies.
Several large population studies have evaluated the rate of specific ATM point mutations. Stredrick and colleagues analyzed approximately 2,800 breast cancer cases and controls. The ATM Ser49Cyc mutation was found in approximately 2% of subjects and was more common in the breast cancer than control populations, with an OR of 1.69 (P ¼ 0.004; ref. 27 ). Dombernbowsky and colleagues also evaluated S49C, as well as ATM Ser707Pro heterozygosity, in over 10,000 individuals, approximately 20% of whom developed cancer during prospective observation (28) . S49C was associated with an increased incidence of melanoma (HR 4.8), prostate cancer (HR 2.3), and oropharyngeal cancer (HR 3.4); S707P was associated with an increased risk of thyroid or endocrine cancers (HR 10). However, these missense mutations were not associated with an increased breast cancer risk compared with the general population (HR 0.8 and 0.6 for S49C and S707P, respectively) or overall cancer risk (HR 1.2 and 0.8). Fletcher and colleagues expanded the analysis of ATM variants to over 26,000 breast cancer cases and controls (29) . In this large population, heterozygosity for one of 5 ATM variants evaluated (S49C and S707P as above, and also F858L, P1054R, and L1420F) was associated with a small increased risk of breast cancer (OR 1.05). The risk was greater for rare homozygotes (OR 1.51). Collectively, these studies support a role of ATM point mutations in breast cancer predisposition, though this effect may be limited to a small subset of cases, such as young patients with familial or bilateral disease.
Other studies have identified functional variants associated with increased lung cancer or thyroid cancer risk (30, 31) . Finally, inherited ATM mutations are also felt to play a role in familial pancreatic ductal adenocarcinoma (32) (33) (34) . Radiosensitivity and chemosensitivity and ATM Radiosensitivity is also a hallmark of the A-T syndrome (35, 36) . Increased toxicity to radiotherapy has been reported in patients with A-T syndrome and heterozygous carriers of ATM mutations, probably due to defective DNA repair and genomic instability in normal tissues (37) (38) (39) (40) . However, heterozygous germ-line mutations apparently do not contribute to secondary cancers following radiotherapy (41) (42) (43) . Similarly, toxicity from systemic chemotherapy may be increased in patients with heterozygous germ-line ATM mutations, albeit mildly. Patients with heterozygous germ-line ATM variants treated with carboplatin and paclitaxel had more myelosuppression compared with patients with wild-type ATM, but this effect was modest (e.g., platelet nadir 112 vs. 180 thousand/microliter; ref. 44 ). This may be compared with the data on patients with germ-line BRCA mutations, who do not experience a significant increase in chemotherapy-related toxicity (45) . Finally, ATM SNPs have been correlated with regimen-related gastrointestinal toxicity in patients after hematopoietic stem cell transplantation (46) .
Somatic ATM Mutations in Cancer
Next-generation sequencing efforts have revealed that ATM is among the most commonly aberrant genes in sporadic cancers. The COSMIC database lists 167 distinct somatic mutations in ATM (excluding variants of unknown origin) that have been observed in a broad range tumors and hematologic malignancies (47) . Similar to studies of A-T syndrome, these somatic mutations span the entire ATM gene and occur in each functional domain ( Fig. 2; refs. 48, 49) .
Somatic mutations in ATM occur in many tumor types, though are more often found in hematologic malignancies (Fig. 3) . Forty-six percent of cases of T-cell prolymphocytic leukemia have inactivating mutations in both ATM alleles (50, 51) . ATM mutations observed in approximately 45% of mantle cell lymphoma cases; such mutations generally are truncating mutations or missense mutations within the region of the gene encoding the PI3K domain (52) . Aberrations of the ATM gene are also common in B-cell chronic lymphocytic leukemia (CLL). Loss of heterozygosity through deletion of chromosome 11q23 occurs in approximately 20% of cases. Such mutations are associated with relatively short progression-free survival following chemotherapy and adverse prognoses (53-56). Next-generation sequencing studies identified point mutations of ATM in 9% of cases of CLL (57) . ATM expression also can be down regulated in Reed Sternberg cells derived from classical Hodgkin lymphoma. In one study, the ATM protein was not detectable in Reed Sternberg cells compared with normal germinal center B cells in 17 of 18 cases, despite no loss of heterozygosity, pathogenic mutations, or hypermethylation of the ATM promoter. It is speculated that the reduced ATM expression is due to alterations of upstream regulators (58) .
Although somatic missense or nonsense mutations of ATM have not been commonly detected in breast cancer, COSMIC reports a high rate of copy-number variation, mainly LOH (391 of 852 analyzed specimens; ref. 47) . In addition, a high rate of deletion or methylation of either ATM or MCPH1, a proximal regulator that recruits ATM to the sites of DNA DSBs, was reported in breast cancer samples (96%, 121 of 126). In prostate cancer, targeted next-generation sequencing has revealed an 8% incidence of ATM mutations (59) . ATM is also one of the most commonly mutated genes in pancreatic cancer (60) or lung adenocarcinoma (61) . In colorectal cancer, loss of ATM protein expression is associated with worse prognosis, based on immunohistochemical analysis of stage II/III cancers (62) , and a high percentage of ATM-mutated cases has been reported by COSMIC (47) . COSMIC also reports point mutations in 1% to 5% of endometrial, kidney, liver, esophageal, ovarian, salivary gland, gastric, thyroid, and urinary tract cancers, though most are classified as variants of unknown origin.
Not every identified somatic mutation correlates with one known to cause A-T syndrome, and the functional impact of each somatic mutation is not established. Therefore, it is difficult to predict whether a certain mutation is deleterious or a variant without functional significance. Furthermore, it is not clear at what allele frequency deleterious mutations affect the tumor behavior or response to therapy. As referenced above, heterozygous germ-line ATM mutations appear to impart some vulnerability to chemotherapy and radiotherapy toxicity. To this end, many groups have designed assays to measure ATM protein function (36, 54, 63, 64) .
Therapeutic Opportunities in ATMDeficient Cancers: Inducing Synthetic Lethality
Although ATM deficiency increases genomic instability through loss of DSB DNA repair, it also increases the dependence of cancer cells on other repair mechanisms, specifically repair of replication stress that is incurred by dividing cells. Stalled replication forks or unrepaired single-strand breaks (SSB) that convert into DSBs are not repaired in cells deficient in ATM or other double-strand DNA repair mechanisms. Based on this rationale, inhibition of other kinases involved in SSB DNA repair has been considered a potential mechanism for synthetic lethality in cancers lacking ATM (Table 2 ). In addition to this rationale, there is precedent for pharmacologic inhibition of such kinases that can be extrapolated from animal studies where a defective kinase is more detrimental to the animal than a nonexpressed kinase. For instance, ATM knockout mice are viable and recapitulate A-T syndrome, whereas mutated "kinase dead" ATM results in embryonic lethality (65) . Kinase inhibitors may have effects similar to the kinase-dead mutants; they not only inactivate the kinase target, but also leave the catalytically inactive kinase to block access to site of DNA damage from other proteins that would initiate alternative repair pathways. Many of the agents have been primarily evaluated for the potential capacity to sensitize cancer cells to radiotherapy or chemotherapy-induced DNA damage. However, in cancers lacking functional ATM, single-agent activity may be anticipated.
Platinum drugs
Cancers with deficits in double-stand DNA repair pathways are sensitized to platinum drugs that induce such double-strand DNA breaks. This has been demonstrated in the context of BRCA1-or BRCA2-mutated cancer, particularly breast and ovarian cancer. Cisplatin chemotherapy had a high response rate in patients with BRCA1 mutations and breast cancer, both in the metastatic and neoadjuvant settings (3, 66) . This principle also has been extended to other mutations that affect double-strand DNA repair. For example, a mutation of PALB2 has been described to sensitive pancreatic cancer to mitomycin C treatment by disrupting BRCA1 and BRCA2 interactions (4) . Similarly, ATM mutations are predicted to result in increased sensitivity to platinum chemotherapy (6, 67) . However, a recent preclinical study in gynecologic cancer cell lines found that ATM inhibition enhanced the response to ionizing radiation, but did not enhance the in vitro killing of the cells by platinum drugs (68) . The might suggest that BRCA plays a more important role in homologous recombination than does ATM (69) . Larger retrospective analyses of ATM-aberrant cancers and platinum sensitivity may help clarify this issue.
PARP inhibitors
Similar to the platinum agents, the evaluation of inhibitors of PARP1 in BRCA1-or BRCA2-mutated cancers can be considered as proof of the principle that inhibition of endogenously arising DNA damage alone can result in clinical benefit in cancers that lack double-strand DNA repair. Inhibitors of PARP have been evaluated in clinical trials in a variety of settings, both alone and in combination with other agents, though they have not been evaluated specifically in ATMdeficient tumors in clinical trials. Preclinical evaluation of olaparib in ATM-deficient leukemic cells from patients with CLL suggested single-agent activity (70) . Similar findings were described in mantle cell lymphoma and gastric cancer (71, 72) . Furthermore, a phase II double-blind study of paclitaxel with or without olaparib for patients with gastric cancer stratified patients between low or undetectable ATM levels versus normal ATM levels. A greater improvement in overall survival was seen in the ATM-low subgroup, consistent with the preclinical observations (73) .
Targeting ATR
The ATR-checkpoint kinase 1 (Chk1) pathway is another potential target for therapy in ATM-deficient cancers, as it is a primary mediator of SSB DNA repair. A synthetic lethal siRNA screen confirmed that mantle cell lymphoma cells with loss of ATM function have increased sensitivity to ATR inhibition (74) . Preclinical data support the notion that inhibition of this pathway may have therapeutic activity against this and a variety of other cancers too. The compounds VE821, VE822, and AZD6738 each can inhibit ATR and are in various stages of preclinical development (75, 76) . In particular, VE821 and VE822 have been noted to sensitize pancreatic tumor cells to DNA-damaging modalities, including chemotherapy and radiotherapy. Of note, these studies were not limited to ATMdeficient cell lines.
AZD6738 is a potent, selective inhibitor of ATR, and the first specific ATR inhibitor dosed in man. Preclinical studies with AZD6738 demonstrated single-agent activity across cancer cell lines, but enhanced activity in cell lines with ATM deficiency.
In vivo, more antitumor activity was seen in ATM-deficient than ATM-wild-type xenograft models, and importantly, measurement of the DNA damage marker gamma-H2AX showed persistent staining in tumor tissues only, but not normal bone marrow or gut tissue (77) . Notably, ATM-deficient lung cancer xenografts were particularly sensitive to a combination of cisplatin and (78) . In studies with primary leukemic cells from patients with chronic lymphocytic leukemia, AZD6738 had superior cytotoxicity in CLL cells induced to divide (79) , and in ATM-or TP53-mutated CLL cells (80) . A first-in-man study was initiated in ATM-deficient non-Hodgkin lymphoma, and a subsequent study will be initiated in combination with radiotherapy for the treatment of patients with head and neck cancer, based on evidence that ATR inhibition can sensitize ATM-deficient cancer cells to ionizing radiation (68, 81) .
CHK1 inhibitors
Chk1 is a serine/threonine kinase that is downstream of ATR in the DNA damage-induced cell-cycle arrest. Therefore, inhibitors of Chk1 may have particular activity either as chemosensitizers or as monotherapy in cancers deficient in ATM based on the same rationale as ATR inhibitors, and inhibitors of Chk1 are in various stages of clinical development. UCN-01 (7-hydroxystaurosporine) is a nonspecific Chk1 and Chk2 inhibitor that also inhibits Akt phosphorylation and sensitizes p53-defective cancer cells to DNA-damaging agents (82, 83) . Clinical trials have shown limited activity. In a study with advanced of melanoma, there were no responders in 17 treated patients (84) . In a separate study of UCN-01 and irinotecan for the treatment of triple-negative breast cancer, the overall response rate was only 4%, and the clinical benefit rate (complete response þ partial response þ stable disease greater than or equal to 6 months) was only 12%. The incidence of ATM deficiency is not reported in either of these studies, though many patients in the breast cancer study had TP53 mutations that should have imparted sensitivity to Chk1 inhibition. Of particular note, Chk1 inhibition by UCN-01 was not observed in all tumors, and so the low response rate was thought to be due in part to the pharmacokinetics of UCN-01 (85) . Initial trials also showed a high binding affinity of UCN-01 to plasma proteins (86) .
MK-8776 (also known as SCH-900776) is a more specific Chk1 inhibitor with potent Chk1 inhibition than Chk2 inhibition (500-fold). Like UCN-01, it enhances the rate of cell death induced by chemotherapy agents. Preclinical studies showed a 20-to 70-fold reduction of the growth-inhibitory (91) . AZD7762 also inhibited radiation damage repair and conferred radiosensitivity on p53-mutant breast cancer cell lines, similar to other agents of the class (92) . Notably, a patient with refractory small-cell cancer who had a complete response that proved durable for 3 years was found to have a hemizygous mutation of RAD50 that attenuated ATM signaling (93) . This outlier response supports the hypothesis that patients with acquired mutations in the ATM pathway are ideal candidates for agents that induce synthetic lethality.
Nucleoside analogues
The oral nucleoside analogue sapacitabine has also been proposed as a means to achieve synthetic lethality in ATMdeficient tumors. Sapacitabine is an orally bioavailable prodrug of the nucleoside analogue 2 0 -C-cyano-2 0 -deoxy-1-beta-D-arabino-pentofuranosylcytosine (CNDAC). CNDAC incorporates into DNA and induces SSBs, which are converted into DSBs when cells go through a second S phase. These lethal DSBs are mainly repaired through homologous recombination, which is lost in the setting of ATM deficiency (94) . Sapacitabine has been evaluated in the treatment of elderly patients with acute myeloid leukemia (AML) including a randomized, phase II study, in which patients received oral sapacitabine as a single agent. This was found to be active and tolerable with 1-year survival rates up to 35% in the cohorts with the optimal dosing schedule. Cytopenias, febrile neutropenia, and infections were the most common adverse events (95) . Sapacitabine is also under investigation in the treatment of patients with CLL, specifically with del (11q), in combination with cyclophosphamide and rituximab (NCT01253460).
Conclusions
Aberrancies of the ATM gene are among the most commonly occurring somatic mutations in cancer and generally have been associated with inferior prognosis. Novel therapies are in development that may improve the response to therapy of patients with ATM-deficient cancers. These agents inhibit checkpoint proteins or ATR, or are nucleoside analogues such as sapacitabine that induce synthetic lethality. ATM aberrations may also sensitize cancers to platinum drugs, similar to the effect of BRCA1 mutations. Although initial response rates to some of these agents such as the ATR or checkpoint inhibitors have been modest, subsequent (and ongoing) studies that prospectively identify patients with ATM mutations may allow for more optimized drug development. Another area of investigation might relate to immunotherapy and possible usefulness of agents that target the PD1/PDL1 axis. With mismatch repair gene alterations in colon cancer, there is a high response rate to these molecules, presumably due to the high rate of mutation-associated neoantigens (96) . The question arises as to whether or not abnormalities in other DNA repair genes (such as ATM) that interfere with the integrity of the genome increase the aberrations in the mutanome and similarly result in sensitivity to immunotherapeutic agents.
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